Recent studies have indicated a protective role of autophagy in regulating vascular smooth muscle cells homeostasis in atherogenesis, but the mechanisms controlling autophagy, particularly autophagy maturation, are poorly understood. Here, we investigated whether acid sphingomyelinase (ASM)-regulated lysosome function is involved in autophagy maturation in coronary arterial smooth muscle cells (CASMCs) in the pathogenesis of atherosclerosis. In coronary arterial wall of ASMdeficient (Smpd1 −/− ) mice on Western diet, there were high expression levels of both LC3B, a robust marker of autophagosomes (APs), and p62, a selective autophagy substrate, compared with those in wild-type (Smpd1
Introduction
Acid sphingomyelinase (ASM; gene symbol Smpd1) hydrolyzes sphingomyelin to ceramide and phosphorylcholine, preferentially at an acidic pH, which exists in at least two forms: a lysosomal ASM and a secretory ASM [1] . Both forms are derived from the same gene, but differ in their glycosylation pattern and differential processing at the NH 2 terminus [1] . For the most part, ASM seems to reside in classic lysosomes, where it mediates the catabolism of sphingomyelin. A genetic defect in ASM leads to the accumulation of sphingomyelin and a lysosomal storage disorder named Niemann-Pick disease. The pooling of ASM in secretory lysosomes seems to participate in signal transduction events; however, the precise role of ASM in the development of atherosclerosis remains unclear. Secretory ASM may be atherogenic, whereas the lysosomal form of ASM may have anti-atherogenic effects [2] [3] [4] [5] . Previous studies demonstrated that the atherogenic action of secretory ASM in the plasma may be mainly associated with ceramide-promoted lipoprotein aggregation or uptake by arterial wall macrophages that leads to foam cell formation [5, 6] . However, a recent study demonstrated that adenovirus-mediated expression and secretion of ASM into the circulation did not exacerbate but decreased lesion formation in atherosclerotic ApoE −/− mice,
indicating that plasma ASM activity may not be determinant for plaque formation during atherogenesis [2] . In another aspect, lysosomal ASM activity can be anti-atherogenic as it increases sphingomyelin hydrolysis reducing accumulation of cholesterol in lysosome of macrophages given that sphingomyelin has high binding affinity to cholesterol [7, 8] .
Although these previous studies in animal models indicated that ASM signaling in atherosclerosis depends upon the isoform of this enzyme, clinical studies reported that patients of Niemann-Pick disease type A and B with a deficiency in ASM activity had high incidences of coronary atherosclerosis [9] , suggesting that ASM signaling may provide protection from coronary atherogenic injury in humans. In this regard, the present study was designed to explore the protective role of ASM in arterial smooth muscle cells in the context of atherogenesis. It has been well established that the role of arterial smooth muscle cells in atherosclerosis relates to their proliferative and secretory properties; they proliferate, grow, and migrate into the intima and produce extracellular matrix to induce fibrosis. The importance of increased smooth muscle cell proliferation in the growth of atherosclerotic plaques has been well studied in animal models as well as in human vascular obstructive lesions [10, 11] . Recent studies indicate a protective role of autophagy in regulating vascular SMC homeostasis during atherogenesis. Under physiological conditions, autophagy works in a nonstop, reparative, and life-sustaining way to maintain normal cellular homeostasis [12] . In the early stage of atherogenesis, enhanced autophagy in arterial smooth muscle cells exerts beneficial effects by inducing modulation of smooth muscle cells to a more differentiated, quiescent, and contractile phenotype, thereby decreasing cell proliferation and preventing fibrosis [13] . Thus, it is important to explore the mechanisms involved in smooth muscle cell autophagy in order to prevent smooth muscle cell dysfunction induced by defective autophagy during the early stage of atherogenesis.
Autophagy is a highly regulated catabolic mechanism that eukaryotic cells use to degrade long-lived proteins and excessive or damaged organelles [14] . The autophagic process includes autophagic induction/formation of autophagosomes (APs) and autophagic flux. Autophagic flux consists of two steps: (1) lysosome trafficking and fusion with APs leading to maturation of APs to autophagolysosomes (APLs) and (2) breakdown of autophagic contents in APLs by lysosomal cathepsins [15, 16] . The molecular mechanisms and regulatory pathways for the formation of APs are relatively well understood because of the discovery of mammalian autophagy genes (Atg genes) [16, 17] , but the molecular mechanisms regulating APs fusion with lysosomes are still understudied. Given the intracellular location of ASM and ceramide production in lysosomes and their signaling roles in various cellular activities, the present study hypothesized that ASM importantly controls lysosome function and thereby participates in the regulation of APs trafficking and fusion with lysosomes. To test this hypothesis, we first characterized the autophagic process including APs formation and autophagic flux in coronary arterial smooth muscle cells (CASMCs) under atherogenic stimulation in vitro and in vivo. Then, we examined whether ASM controls autophagy maturation by regulating lysosome function to traffic, or fuse, with APs to form APLs in CASMCs.
Materials and methods

Mice
ASM-deficient (Smpd1
−/−
; Smpd1 is the gene symbol for ASM gene sphingomyelin phosphodiesterase 1) and wildtype (Smpd1 +/+ ) mice were used in the present study as we described previously [18, 19] . All experimental protocols were reviewed and approved by the Animal Care Committee of Virginia Commonwealth University. All animals were provided standard rodent chow and water ad libitum in a temperature-controlled room.
Immunofluorescent staining of coronary arteries
Eight-week-old male mice were fed 10-week normal diet or Western diet containing (g%): protein, 20; carbohydrate, 50; and fat, 21 (Dytes, PA) as described previously [20] [21] [22] . Mice were sacrificed by cervical dislocation under ether anesthesia. The hearts with intact coronary arteries were obtained for coronary dissection or frozen in liquid nitrogen for preparation of frozen section slides. The expression of indicated proteins was detected in mouse heart frozen slides using corresponding immunofluorescence labeled antibodies as described previously [23, 24] . Briefly, the tissues of hearts with coronary arteries were frozen in Tissue-Tek OCT, cut by cryostat into 10 μm sections and mounted on Superfrost/Plus slides for immunofluorescent staining. After fixation with acetone, the slides were incubated with indicated antibodies (1:50) overnight at 4°C. After incubation with primary antibodies, the slides were washed and labeled with corresponding Alexa-488 or Alexa-555 conjugated secondary antibodies (Invitrogen) used at a dilution of 1:200. The slides were then washed, mounted, and subjected to confocal microscopic analysis (Fluoview FV1000, Olympus, Japan). Colocalization was analyzed using Image Pro Plus software (Media Cybernetics, Inc, Bethesda, MD), and the colocalization coefficient was represented by Pearson's correlation coefficient as we described [23] .
Primary cell culture of mouse CASMCs Mouse CASMCs were isolated as previously described [25] . In brief, mice were deeply anesthetized with intraperitoneal injection of pentobarbital sodium (25 mg/kg). The heart was excised with an intact aortic arch and immersed in a petri dish filled with ice-cold Krebs-Henseleit solution. A 25-gauge needle filled with Hanks' buffered saline solution was inserted into the aortic lumen opening while the whole heart remained in the ice-cold buffer solution. The opening of the needle was inserted deep into the heart close to the aortic valve. The needle was tied in place with the needle tip as close to the base of the heart as possible. The infusion pump was started with a 20-ml syringe containing warm HBSS through an intravenous extension set at a rate of 0.1 ml/min for 15 min. HBSS was replaced with warm enzyme solution (1 mg/ml collagenase type I, 0.5 mg/ml soybean trypsin inhibitor, 3 % bovine serum albumin, and 2 % antibiotic), which was flushed through the heart at a rate of 0.1 ml/min. Perfusion fluid was collected at 30, 60, and 90-min intervals. At 90 min, the heart was cut with scissors, and the apex was opened to flush out the cells that collected inside the ventricle. The fluid was centrifuged at 1,000 rpm for 10 min, the cell-rich pellets were mixed with the media described below, and the cells were plated on 2 % gelatin-coated six-well plates and incubated in 5 % CO 2 at 37°C. Advanced Dulbecco's modified Eagle's medium (DMEM) with 10 % fetal bovine serum, 10 % mouse serum, and 2 % antibiotics were used for isolated CASMCs. The identification of CASMCs was based on positive staining by anti-α-actin antibody and the SMCs morphology. The medium was replaced 3 days after cell isolation and then once or twice each week until the cells grew to confluence. All studies were performed with cells of passage of 3-5. Six-week-old male C57BL/6 J ASM-deficient (Smpd1 ) were used in the present study, and mouse genotyping was performed as we described previously [18, 26] .
Western blot analysis
Western blot analysis was performed as we described previously [27] . In brief, proteins from the CASMCs were extracted using sucrose buffer (20 mM HEPES, 1 mM EDTA, 255 mM sucrose, and cocktail of protease inhibitors (Roche); pH 7.4). After boiling for 5 min at 95°C in a 5× loading buffer, 30 μg of total proteins were separated by a 12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins of these samples were then electrophoretically transferred at 100 V for 1 h onto a PVDF membrane (Bio-Rad, USA). The membrane was blocked with 5 % nonfat milk in Tris-buffered saline-Tween 20. After washing, the membrane was probed with 1:1,000 dilution of primary mouse or rabbit antibodies against LC3B (Cell signaling), p62 (Cell signaling), vimentin (Santa Cruz), or β-actin (Santa Cruz) overnight at 4°C followed by incubation with horseradish peroxidase-labeled IgG (1:5,000). The immunoreactive bands were detected by chemiluminescence methods and visualized on Kodak Omat X-ray films. Densitometric analysis of the images obtained from X-ray films was performed using the Image J software (NIH).
Flow cytometric detection of APLs formation
The APLs formation was analyzed by flow cytometry using a lysomotrophic dye, acridine orange [28] . Acridine orange accumulates in acidic vesicles, such as lysosomes, to display red fluorescence, but is green fluorescent in neutral environments, such as in the cytosol and nuclei. As APLs are larger acidic compartments compared with lysosomes, fusion of lysosomes with APs to form APLs will result in an increase of the red-to-green fluorescence intensity ratio. Briefly, cells were stained with acridine orange (2 μg/mL) for 17 min and washed twice in phenol red-free RPMI 1640 with 2 % FBS. Then the intensity ratio of red-to-green fluorescence of cells was obtained by flow cytometry.
Flow cytometric analysis of APs
Autophagic vacuoles, including APs and APLs in cells, were detected using a CytoID Autophagy Detection Kit (Enzo, PA, USA) following manufacturer's instruction. The CytoID fluorescent reagents specifically detect the autophagic vacuoles formed during autophagy. Briefly, cells were trypsinized, spun down, and washed twice in phenol red-free RPMI 1640 with 2 % fetal bovine serum (FBS). The cells were resuspended in 0.5 ml of freshly diluted CytoID reagents and incubated at 37°C for 30 min. The CytoID fluorescence of cells was immediately analyzed by flow cytometry using a flow cytometer (GUAVA, Hayward, CA, USA). The percentage of cells with CytoID staining was used to represent the dynamic balance between AP formation and its degradation via autophagic flux. By combining with an inhibitor of lysosomal degradation (chloroquine, 300 μM) that inhibits autophagic flux, the CytoID assay can be used to determine whether the autophagic vacuole accumulation is due to decrease in autophagic flux.
Confocal microscopic and fluorescence resonance energy transfer analysis
For confocal analysis, cultured CASMCs were grown on glass coverslips, stimulated or unstimulated, fixed in 4 % paraformaldehyde in phosphate-buffered saline (PBS) for 15 min as described [29] . After being permeablized with 0.1 % Triton X-100/PBS and rinsed with PBS, the cells were incubated overnight at 4°C with indicated primary antibodies: rat antiLamp1 (1:200; BD Biosciences) or rabbit anti-LC3B (1:200; Cell Signaling). After washing, these slides were incubated with either Alexa-488-or Alexa-555-labeled secondary antibodies for 1 h at room temperature. The slides were mounted and subjected to examinations using a confocal laser scanning microscope (Fluoview FV1000, Olympus, Japan). The lysosome number per cells was quantified by analyzing AlexaLamp1-positive particles using Image J software (NIH). An acceptor bleaching protocol was used to measure the fluorescence resonance energy transfer (FRET) efficiency between Alexa488-Lamp1/Alexa555-LC3B as described previously [19, 30] . Briefly, after the pre-bleaching image was normally taken, the laser intensity at the excitement wavelength of the acceptor (Alexa555) was increased from 50 to 98 % and continued to excite the cell sample for 2 min to bleach the acceptor fluorescence. After the intensity of the excitement laser for acceptor was adjusted back to 50 %, the postbleaching image was taken for Alexa488. A FRET image was obtained by subtraction of the pre-bleaching images from the postbleaching images and given a dark blue color. After measuring Alexa488 fluorescence intensity of the pre-, post-, and FRET images, the FRET efficiency was calculated through the following equation: E= (Alexa488 post − Alexa488 pre )/Alexa488 post ×100 %.
ASM activity assay
The enzymatic hydrolysis of sphingomyelin to ceramide and phosphocholine by sphingomyelinase was measured at pH 5.0 with the Amplex® Red reaction kit (Invitrogen) according to manufacturer's instructions with minor modifications. Briefly, cells (5× 10 5 ) were pelleted by centrifugation at 1,000× g for 10 min at 4°C and washed twice with ice-cold PBS. Cells were washed with PBS three times, and the pellet was resuspended in 0.2 ml of lysis buffer containing 1 % Triton X-100, 1× proteinase inhibitor cocktail (Roche), 1 mM EDTA, and 50 mM sodium acetate (pH 5.0) for 60 min on ice. The lysates were subjected to centrifugation at 17,000×g for 10 min at 4°C to remove nuclei and unbroken cells. The protein concentration in the supernatant fraction was measured with the Bio-Rad protein assay. ASM activity in the supernatant fractions was assayed in a two-step reaction system. First, 20 μg proteins of supernatant fraction were incubated with 0.5 mM sphingomyelin to generate phosphocholine and ceramide at pH of 5.0 for 60 min at 37°C. The reaction was then placed on ice and mixed with same volume of Amplex® Red reagent solution, which contains 10 μM Amplex® Red reagent, 2 U/ml horseradish peroxidase, 0.2 U/ml choline oxidase, 8 U/ml alkaline phosphatase, and 100 mM Tris-HCl (pH 8.0). This reaction mixture was further incubated at 37°C for 60 min to allow alkaline phosphatase hydrolysis of phosphocholine to choline, which is oxidized by choline oxidase to generate betaine and H 2 O 2 . H 2 O 2 in the presence of horseradish peroxidase reacts with Amplex® Red to generate the fluorescent resorufin. Fluorescence intensity was measured at excitation and emission wavelengths of 545 and 590 nm, respectively. The enzyme activity of ASM in the protein lysates was normalized to activity (U) of sphingomyelinase from Bacillus cereus (provided as a control within the kit). One unit is defined as the amount of sphingomyelinase that will hydrolyse 1 μmol of TNPAL sphingomyelin/min at pH 7.4 at 37°C.
Assays for lysosomal cathepsin activity
The catalytic activities of cathepsin B (Abcam) and cathepsin D (Sigma) were determined using commercially available kits following manufacturer's instructions. For each assay, 20-50 μg of cell lysates were assayed in a 96-well plate using an internally quenched fluorescent substrate for cathepsin B or D. The plates were incubated at 37°C and fluorescent values were determined at 10-min intervals using a fluorescent microplate reader (BioTek, Flx800). Values measured within the linear range of the reaction were used for the calculations.
Proliferation assay
The proliferation of CASMCs was quantified using a Aqueous One Solution Cell Proliferation Assay kit (Promega) following the manufacturer's instruction as we previously described [13] . Cells were cultured in a 96-well plate (2, 000 cells per well) with or without treatment as indicated. After 48 h, cells were incubated with 20 μL Aqueous One Solution for 60 min at 37°C. Then the absorbance (at 490 nm) of each sample was measured using a microplate reader. Calibration curves showed the fluorescence reading to be proportional to the cell number. The proliferation rate was obtained by calculating the fold change in the cell number of each sample before and after 48-h incubation.
Nucleofection
Transfection of cDNA plasmids was performed using a 4D Nucleofector X-Unit (Lonza, CA, USA) according to the manufacturer's instructions as we previously described [13] . ASM cDNA plasmid (pcDNA3.1/V5-His mASM) encoding a full-length Smpd1 gene under a cytomegalovirus immediate early promoter (a gift from Prof. Dr. Erich Gulbins, Essen, Germany). Briefly, CASMCs were tyrpsinized and centrifuged at 90×g for 10 min. The cell pellet was resuspended in 100 μL P1 Nucleofection solution (Lonza) for Nucleofection (with the program code CM137). The program was chosen based on the fact that Nucleofection efficiency was over 80 % as analyzed by flow cytometry using control GFP plasmids. For each Nucleofection sample, 2 μg plasmid DNA was added in 100 μL P1 Nucleofection solution. After Nucleofection, cells were cultured in DMEM medium for 24 h and then cells were ready for the treatments.
Statistics analysis
Data are presented as mean±standard deviation. Significant differences between and within multiple groups were examined using one-way ANOVA test followed by Duncan's multiple-range test. A Students t test was used to detect significant difference between two groups. The statistical analysis was performed by SigmaStat 3.5 software (Systat Software, IL). P<0.05 was considered statistically significant.
Results
ASM deficiency impaired autophagy in coronary arterial media
The hallmark of autophagy is the formation of the APs, followed by its fusion with a lysosome leading to maturation of APs into APLs. Microtubule-associated protein 1 light chain (LC3) exists in the cytoplasm in a soluble form (LC3A). A phosphatidylethanolamine-conjugated form of LC3 (LC3B) is associated with the phagophore and the inner autophagosomal membrane and is a highly specific marker for these structures . Upon fusion with the lysosome, LC3B on the inner autophagosomal membrane is degraded. To examine the significance of ASM in the regulation of autophagic flux in vivo, we tested the expression of LC3B as a marker for the accumulation of APs and p62/ubiquitin as markers for autophagic flux in coronary arterial media. As shown in Fig. 1a , c, representative confocal microscopic images and summarized colocalization coefficient demonstrate that LC3B increased much more in coronary arterial media of ASMdeficient (Smpd1 −/− ) mice compared with wild-type (Smpd1 +/+ ) mice, which colocalized mainly with smooth muscle marker α-smooth muscle actin (α-SMA). As shown in some of yellow areas, colocalization of α-SMA with LC3B was also seen in the intimal area, which might be due to smooth muscle cell migration and infiltration there. In addition, increased ubiquitin and p62 inclusion was detected in the arterial wall of Smpd1 −/− mice on the Western diet as shown by green and yellow areas in Fig. 1b and summarized colocalization coefficient in Fig. 1c, indicating The accumulation of APs and the impairment of autophagic flux was further examined in Smpd1 −/− CASMCs, which lack ASM activity, using Western blot analysis of LC3B and p62 expression. 7-ketocholesterol is a prototype atherogenic stimulus abundant in oxidized low-density lipoprotein and enhances the expression of LC3B and autophagy in vascular smooth muscle cells [31] . Rapamycin, a classic autophagy stimulus, induces APs formation in a wide variety of cell types and species by inhibiting the activity of mTOR complex 1 and also regulates APs fusion with lysosomes and autophagic flux [32, 33] . As shown in Fig. 2a , b, both 7-ketocholesterol and rapamycin-stimulated LC3B expression was significantly enhanced in Smpd1 −/− CASMCs compared with that in Smpd1 +/+ CASMCs. These results suggest that more APs were formed, or accumulated, in Smpd1 −/− CASMCs. The abundance of p62, a selective substrate of autophagy degrading pathway, was also higher in Smpd1 −/− CASMCs, thus, suggesting less p62 protein was degraded because of impaired autophagic flux by knocking out Smpd1 gene.
ASM is required for the formation of APLs in CASMCs
Next, we used flow cytometry to analyze the formation of APLs with a lysomotrophic dye, acridine orange, which accumulates in lysosomes with red fluorescence and shows green fluorescence in neutral environment. As APLs accumulate more acridine orange than normal lysosomes, the red-togreen fluorescent ratio indirectly indicates the change of in the formation of APLs [28] . Figure 3a shows Smpd1 +/+ CASMCs treated by either 7-ketocholesterol or rapamycin shifted up to the area with high red fluorescence intensity, which was abolished in Smpd1 −/− cells. Quantification of the data in Fig. 3b indicated that ASM deficiency significantly inhibited 7-ketocholesterol or RPM-induced APLs formation in CASMCs. In addition, 7-ketocholesterol or rapamycininduced APLs formation was also blocked in Smpd1 +/+ cells when ASM activity inhibitor amitriptyline was administrated (Fig. 3c) .
Then, we examined whether reduced APLs formation leads to accumulation of APs in CASMCs. To do so, we analyzed the dynamic balance between AP formation and autophagic flux by using a novel dye, CytoID, that exhibits a bright green fluorescence when selectively labeling autophagic vacuoles (APs and APLs). Hypothetically, impaired autophagic flux will result in an increased number of autophagic vacuoles and, consequently, enhancement of the CytoID fluorescence. As shown in Fig. 4a , b, both 7-ketocholesterol and rapamycin stimulation strongly increased the number of autophagic vacuoles (as shown by increased CytoID-positive cells) in Smpd1 +/+ CASMCs. Such increases in autophagic vacuoles were further enhanced in Smpd1 −/− CASMCs. We also noticed that even under control condition, more autophagic vacuoles were found in Smpd1 −/− CASMCs compared with that in Smpd1 +/+ cells (Fig. 4a, b) , indicating that ASM activity may be required for autophagic flux even at resting conditions. When autophagic flux was blocked by chloroquine, a lysosome inhibitor, 7-ketocholesterol or rapamycin induced similar accumulation of autophagic vacuoles in Smpd1 +/+
CASMCs compared with that in Smpd1
−/− CASMCs excluding a role of ASM in APs formation (Fig. 4c) .
ASM deficiency prevents lysosome fusion in CASMCs
To address the possible mechanism mediating the role of ASM in the control of autophagic flux, we examined its role in lysosome fusion to APs -a crucial step during autophagy maturation leading to the formation of APLs. We detected colocalization and FRET between Alexa488-Lamp1 (Lamp1 is a lysosome membrane marker protein) and Alexa555-LC3B (LC3B is an AP marker) in CASMCs. As shown in Fig. 5a , both 7-ketocholesterol and rapamycin significantly increased yellow puncta, or patches, in Smpd1 +/+ CASMCs (merged images), indicating increased colocalization of the lysosome marker and AP marker, which may be due to a fusion of both vesicles. However, both 7-ketocholesterol and rapamycininduced colocalization was markedly reduced in Smpd1 (Fig. 5b) . Moreover, similar Lamp1-positive puncta were found inbetween Smpd1 −/− and Smpd1 +/+ CASMCs, which indicates that the decreased colocalization or FRET between Lamp1 and LC3B is not due to either lysosome degeneration or decreased lysosome biogenesis (Fig. 5c ).
Effects of ASM deficiency on lysosomal cathepsin activities
It has been shown that decreased lysosomal proteolytic activity may inhibit AP turnover resulting in impaired autophagic flux [34] . Thus, we examined whether the role of ASM in autophagic flux is associated with decreased activity of lysosomal proteases such as cathepsin B and cathepsin D. As shown in Fig. 6a , b, no difference in cathepsin B or cathepsin D activity was found between Smpd1 +/+ and Smpd1 −/− CASMCs.
ASM deficiency enhances cell dedifferentiation and proliferation in CASMCs
Next, we examined whether CASMCs lacking ASM activity exibit phenotypic changes to a more proliferative status. In smooth muscle cells, 7-ketocholesterol-induced migration and proliferation at a low concentration (<5 μM) [35] but caused apoptosis at higher concentration (100 μM) [36] . As shown in Fig. 7a-c, 7 -ketocholesterol, in a low-concentration range (10 μM), markedly increased expression of dedifferentiation marker vimentin and cell proliferation in Smpd1 +/+ CASMCs. Such 7-ketocholesterol-induced vimentin expression and proliferation was further augmented in Smpd1 −/− CASMCs lacking ASM activity.
ASM overexpression increases APLs formation under atherogenic stimulation
Furthermore, we investigated whether increased ASM expression is correlated with enhanced APLs formation in CASMCs under atherogenic stimulation. We first determined the effects of 7-ketocholesterol on ASM activity in Smpd1 +/+ CASMCs. We found that 7-ketocholesterol treatment (0.5-24 h) (Fig. 8a) . This result suggests that increased ASM expression or activity may further enhance 7-ketocholesterol-induced APLs formation in Smpd1 +/+ CASMCs. To test this hypothesis, we transfected Smpd1 +/+ CASMCs with ASM cDNA plasmids by Nucleofection technology, which efficiently caused a threefold increase in ASM activity compared with scramble transfection (Fig. 8b) . Interestingly, such ASM overexpression further increased APLs formation in Smpd1 +/+ CASMCs under 7-ketocholesterol stimulation (Fig. 8c) . Moreover, in Smpd1 −/− CASMCs, ASM overexpression restored the ASM activity and APLs formation under 7-ketocholesterol stimulation to a similar level to those in Smpd1 +/+ CASMCs. Thus, these data strongly suggest that ASM expression is correlated with APLs formation under 7-ketocholesterol stimulation (Fig. 8b, c) .
Discussion
The goal of the present study is to determine whether ASM plays a protective role in coronary atherosclerosis by controlling autophagic flux in CASMCs and their phenotypic status. ASM deficiency results in a defective form of autophagic flux in the coronary arterial media of mice fed a Western diet or in primary cultured CASMCs under atherogenic stimulation. This defective form of autophagic flux was attributed to the lack of lysosomes fusion with APs and consequent impaired autophagy maturation. Our results demonstrate that ASM plays a permissive role in targeting lysosomes to APs leading to autophagy maturation and effective autophagic flux, which protects SMCs from cell dedifferentiation to proliferative phenotypes.
Our findings demonstrate an important role of ASM, a critical enzyme involved in the sphingolipid metabolism, in controlling autophagic flux. LC3B specifically associates with AP membranes and is degraded on the inner APL membrane upon fusion with the lysosome [17, 37] . P62 binds directly to LC3B to trigger autophagic degradation of p62-positive cytoplasmic inclusion bodies [38] . Therefore, the simultaneous increase in LC3B and p62 protein expression suggests a failed breakdown of APs because of impaired autophagic flux. Here, we demonstrated that a deficiency of ASM results in an impaired autophagic flux in coronary arterial media of mice fed a high fat Western diet and in CASMCs under atherogenic stimulation as characterized by increased expression of LC3B and p62. Consistently, our flow cytometric analysis showed that ASM deficiency resulted in decreased formation of APLs and enhanced accumulation of APs under atherogenic stimulation. A few recent studies reported that ASM is involved in the autophagy induction in cancer cells [39, 40] . ASM is requried for upregulation of Atg5 expression resulting in autophagy induction in HEPG2 hepatoma cells [39] .
Knockdown of ASM significantly suppressed the autophagy induction in leukemia HL-60 cells under amino acid deprivation [40] . In the present study, however, when the autophagic flux was blocked, 7-ketocholesterol-induced APs accumulation was similar in ASM-deficient CASMCs compared with wild-type cells, which rules out the role of ASM in APs formation. This discrepency regarding the role of ASM in early or late phase of autophagy is unclear, which may be due to the differences in the types of cells and stimuli used.
Our data further demonstrated a lack of APs fusion with lysosomes in ASM-deficient CASMCs indicating a role of ASM in autophagy maturation by controlling lysosomes trafficking and fusion with APs. ASM is the key enzyme to hydrolyze sphingomyelin to ceramide in lysosomes and its deficiency commonly causes altered 'sphingolipid rheostat' with abnormal levels of sphingolipid species including sphingomyelin, ceramide, sphingosine, and their phosphorylated metabolites [40] , which can be major regulators for Ca
2+
-dependent lysosomal trafficking function [41] [42] [43] . Lysosomal accumulation of sphingomyelin by ASM deficiency has recently been shown to inhibit the activity of a principle lysosomal Ca 2+ channel, mucolipin transient receptor potential channel 1 (TRPML1), and thereby block the lysosomal Ca 2+ -dependent membrane trafficking [43] . A target protein regulated by lysosomal Ca 2+ is dynein, a multi-subunit microtubule motor protein complex, which is responsible for nearly all minus-end microtubule-based transport of vesicles within eukaryotic cells and is recently implicated in lysosome and AP trafficking to meet and form APLs [33, 44] . Inhibition or loss of dynein function abolishes lysosome fusion with APs and increases the number of APs in glioma, or neuronal cells, and in CASMCs [44, 45] . These previous studies suggest that ASM-regulated lysosomal trafficking function may be associated with the level of lysosomal sphingomyelin via regulating TRPML1/lysosomal Ca 2+ /dynein signaling axis in CASMCs. In another aspect, ceramide, an ASM product, is a highly hydrophobic lipid that has been shown to participate in lysosome fusion to the cell plasma membrane, endosomes, phagosomes, and other organelles [30, 46, 47] . Ceramide also regulates cytoskeleton and microtubule assembly, which plays a crucial role in vesicular trafficking in mammalian cells [48] [49] [50] . Ceramide can directly interact with LC3B that may facilitate the targeting of lysosomes to APs [51] . In constrast, overproduction of ceramide or its metabolite sphingosine may increase lysosome permeability leading to impaired autophagy maturation [52] . Therefore, in addition to sphingomyelin, lysosomal ASM-derived ceramide and subsequent metabolites may also actively control autophagy maturation. Collectively, our data and previous observations support the view that lysosomal trafficiking function in CASMCs is associated with their lysosomal sphingolipid profile rather than one specific sphingolipid. Previous studies have demonstrated a functional relationship between ASM and lysosomal cathepsin B and that ASM deficiency leads to the enhanced processing and activation of cathepsin B in hepatic stellate cells [53] . Further, the decreased lysosomal proteolytic activity of cathepsins inhibits APs turnover leading to impaired autophagic flux but does not affect the AP-lysosome fusion event [34] . However, our data from in vitro cathepsin substrate assay showed that ASM deficiency did not alter lysosomal protease activity such as cathepsins B and D activity in CASMCs. The discrepancy regarding the role of ASM in cathepsins acitivity between CASMCs and hepatic stellate cells is unknown. It is possible that modulation of lysosomal cathepsin activity in CASMCs is either ASM-independent or compensated by other signaling pathways. Nontheless, our data support the view that a defective autophagic flux in ASM-deficient CASMCs is primarily due to impaired autophagy maturation with deregulated lysosomal function to traffic and fuse with APs.
In the vasculature of progressive atherosclerosis or restenosis after coronary angioplasty, moderately enhanced autophagy is protective by preventing an imbalance of vascular SMCs homeostasis, which helps vascular smooth muscle in differentiated contractile phenotype, and thereby decreases cell proliferation and prevents fibrosis [11] . Autophagy has anti-proliferative effects on smooth muscle cells under various atherogenic stimuli such as thrombin and advanced glycation end products [54, 55] . We previously showed that enhanced autophagy by either statins or rapamycin is an important mechanism for maintaining a contractile phenotype in CASMCs and inhibiting their proliferation during atherogenic stimulation [13] . The present study showed that 7-ketocholesterol increased vimentin expression (a dedifferentiation marker) and proliferation in wild-type CASMCs, which were augmented in ASM-deficient CASMCs. Together, these data implicate that the role of ASM in autophagy maturation is protective in atherosclerosis by modulating smooth muscle cell phenotypic properties.
Our findings that 7-ketocholesterol partially inhibited ASM activity is consistent with previous studies that showed similar inhibition of ASM activity by 7-ketocholesterol or oxidized low-density lipoprotein in a cell-free system [56] . Additionally, forced expression of ASM further enhanced 7-ketocholesterol-induced APLs formation in wild-type CASMCs and completely restored APLs formation in ASMdeficient CASMCs. These data indicate that ASM overexpression may enhance autophagy maturation in wild-type CASMCs with compromised ASM activity, such as those under atherogenic stimulation, or restore the potential of ASM-deficient CASMCs for effecient autophagy maturation. Such correlation between ASM expression and autophagy maturation further confirms a crucial role of ASM in facilitating autophagic flux in smooth muscle cells under atherogenic stimulation. Overexpression of ASM ameliorates aortic lesions in mouse models of atherosclerosis [2] ; however, its exact roles in treating atherosclerosis are unknown. It has been proposed that overexpressed ASM proteins exert their protective effects by acting locally on resident macrophages in the arterial wall and/or altering circulating lipoproteins [2] . Here, our findings provide new insights for the protective role of ASM overexpression in atherosclerosis, which is associated with improved lysosome trafficking function and consequent autophagy maturation in smooth muscle cells.
In summary, the present study reveals that in CASMCs, ASM controls autophagy maturation by regulating lysosome trafficking and fusion to APs and consequent autophagic flux. Defects in this lysosomal regulation of autophagy in CASMCs may result in defective autophagic flux characterized by the accumulation of APs, the reduction in APLs formation and impaired autophagic flux, which may result in imbalance of arterial smooth muscle homeostasis and ultimately induces, or accelerates, coronary atherosclerosis during hyperlipidemia or hypercholesteremia. Our data implicate a protective role of ASM in atherosclerosis via its tonic regulation of autophagy maturation in arterial smooth muscle cells. Clinically, recombinant human ASM has been used for Niemann-Pick patients and patients with cancer [57, 58] . Therefore, our study provides further evidence that such recombinant human ASM therapy may be used to treat atherosclerosis in humans.
